In Parkinson's disease (PD), patients' motor functionalities are measured by various tests. Spiral drawing is one of the proven techniques for assessing the severity of PD motor symptoms. Commonly the test is performed with pen and paper, with the following visual observation by a clinician. This paper describes the implementation of the digitized version of the spiral drawing test for Android devices. Moreover, the application extends the spiral test and utilizes square-shape drawing accordingly. This artifact was tested in a trial with 8 PD patients and 6 age matching controls. The results have shown the observable difference in performance between PD and non-PD users in drawing accuracy and speed.
INTRODUCTION
Parkinson's disease (PD) is a chronic and progressive neurological disorder impacting heavily on patient's quality of life. The disease influences both physical and mental health. Motor symptoms characterizing PD are tremor, rigidity, slowness of movement, shuffling of gait and a stooped posture [12] . Quantification of motor symptoms usually is performed during clinical visits and is based on Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than ACM must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from permissions@acm.org. subjective measures by a clinician and patient's description [12] . However, this evaluation represents disease status only for a present moment but the severity of symptoms can vary several times per day, when the affect of medication wears off [13] . PD treatment requires customized medication plan for each patient. Finding a way to measure the variation of motor symptoms during the patient's daily routines would help in the customization.
Spiral drawing is a standardized test in the assessment of movement disorders [6] . It is usually conducted with pen and paper and evaluated visually. In particular, spiral drawing is used in diagnosis and evaluation of Parkinson's disease, specifically in distinguishing from another neurological disorder causing tremor, namely essential tremor [7] . It has been shown that the spiral analysis can be conducted digitally, either with a tablet [6, 8, 9] , or with a smartphone [3, 7] . Also drawing of other shapes, such as lines and circles [1, 9] have been used in PD symptom evaluation. These studies target to quantifying and collecting data [1, 6, 7] , classifying PD from healthy [3, 9] or supplementing and finding correlation to UPDRS score (Unified Parkinson's Disease Rating Scale [2] ).
However, our overarching goal is to develop a set of multiple tools that can be used in daily life for measuring the condition, and it is unclear how the drawing tasks can capture the small changes during the day. In this paper we describe the implementation of smartphone-based drawing exercises for Android OS targeting to PD motor symptom evaluation: bradykinesia, rigidity and tremor. The initial evaluation of the tool is performed with PD patients and healthy controls, and the results represent the opportunity for capturing the effect of PD symptoms by measuring the error rate and the drawing speed.
IMPLEMENTATION AND AN INITIAL EVALUATION
The created application presents two drawing tasks for the user. Instructions on how to draw the symbol are shown: the spiral is drawn starting from the center, but for the square the user is free to begin drawing wherever he wishes to. After performing the drawing task, performance information about drawing accuracy and time (see Fig. 1 ) is given. Next, we will describe how the drawing tasks were implemented and the trial procedure.
Design of drawing tasks
The Archimedean spiral can be represented with polar coordinates as r = a + bθ where r is radius, a is parameter turning the spiral, and b is the distance between successive turnings [10] . We can use this for calculating the point (x, y) in spiral: x = rsinθ + x 0 , y = rcosθ + y 0 , where (x 0 , y 0 ) are the coordinates of the center of the spiral [10] . In our application, we incrementally increase the θ from 0 to 4π , and calculate the coordinates for the spiral with two rounds. Then we combine the points with a line. A user is asked to follow the given spiral line, starting from the center. In paper version, the user draws the spiral in between of the successive turns of the original line. For enabling the error calculation, the digital version asks the user to follow the line. The place of the finger is recorded, at the frequency enabled by the used device. For each user-drawn dot (x i , y i ), we can calculate the radius, hence the distance from the center of the original spiral:
We can calculate the corresponding angle [10] : θ i = arctan(
). Since arctan gives values only between 0 and π , we need to keep track on the full rounds of the spiral, and modify the θ i accordingly. With this angle we find the closest dot in the spiral model r m = a + bθ i , and count the radial error, similarly as in [10] , in each point e i = |r i − r m |. We can then sum the errors, and calculate the average error of the drawing err av = 1 n n i=1 e i . Similar to spiral drawing, we draw the model for the square and ask the user to follow the line. The error calculation for drawing the square is the Euclidean distance to the nearest point in the target square.
After the drawing task, we report the time it took to finish the task, the maximum and average error (in pixel units) with the standard deviation. See Fig. 1 for the screen flow of the tasks.
Initial evaluation
We visited the local Parkinson's association meeting for initial assessment of the implemented tasks. Eight participants with PD (four males and four females), and six age-matching controls (two males and four females) volunteered to our study. They filled a paper questionnaire and conducted the drawing tasks, both task three times. Concretely, we asked participant's age, how long they had suffered from PD, if they had any other conditions affecting to hand's motor abilities, and about their earlier experience on touch screen devices. We also asked if they had conducted spiral drawing earlier. The UPDRS scale [2] is used for general assessment of PD, and the PD patients self-evaluated the part II, "Activities for daily living" [11] . After the drawing we inquired which hand did you use for drawing, whether they are left or right handed, and feedback of the tasks. As a reward we gave the participants a chocolate bar (value 2e).
RESULTS
The average age of the participants with PD was 71.5 years and 72.3 in the control group. The time since PD diagnosis varied from one to 22 years, with the average of 8 years. In the control group, no-one reported any condition affecting hands' motor capabilities. Only one participant (with PD) had earlier experience of spiral drawing tasks. Six out of eight PD patients and all in control group owned a touch screen device. All participants were right handed and used their right hand for drawing.
When asked which PD symptoms affect to the hands' motor capabilities, five out of eight reported tremor. Also stiffness, weakness, sudden movements and dyskinesia were mentioned. One PD participant told that non-PD related injuries affect as well, in addition to the PD symptoms. One participant had missed the question.
All participant concluded each drawing task three times, hence we collected 24 spirals and 24 squares drawings from participants with PD, and 18 spirals and 18 squares from controls. In total we collected the data points with timestamps and screen captures from from 84 drawings. All drawings were concluded using the same device.
We asked for feedback of the task with an open-ended question after the task. The feedback given by participants with PD was positive. Half used a word "easy". One said it caused excitement, one described it interesting. One said it went well. Surprisingly, no-one of the controls described drawing as easy. One told it was surprisingly hard, and one told it was challenging. One described 
Analysis
We started with a hypothesis that the average error of the PD group is bigger than the control group's average error. With a visual observation from overlaid drawings representation (see Fig 3) we can notice that control group had drawn more smooth shapes. We used t-test, see Table 1 , indicating the average error of PD participants is bigger than controls', and the difference is statistically significant. Figure 4 provides a quartile analysis by R for drawing speed (in pixels/milliseconds). From the graphs of speed and Table 2 we see faster speeds for non-PD cases than for PD patients. Differences can be picked from either median, minimum or average values of the analysis on Table 2 . This suggests that the difference is caused by the PD symptoms, and the digitized drawing tasks are suitable for PD symptom assessment.
We noticed design implications for the error calculation based on the trial. PD5 had problems with another finger hitting in the screen.Another finger causes sharp lines in the other direction, see Fig. 2 . Some participants lifted their drawing finger in the middle of task. In spiral drawing, our algorithm detects when we need to add π to the angle due to polar coordinates based on difference in the angle between successive points. If the finger has been lifted, we might add π erroneously causing mistakes in the error calculation. People lifted their finger more in the square drawing, some Figure 4 : Average speed in drawing tasks in pixels/ms. The average speed is lower and speed variation is bigger in PD group in both tasks. The values can be seen in Table 2 . Due to error calculation mechanism in spiral drawing, finger lifting from the screen should trigger exercise reset. However, this might make the measurement more difficult to conclude: 12% (10/84) of the drawings contained a break; 17% (8/48) of the PD group's drawings had breaks, while only 5% (2/36) of the control group had these issues. Based on the visual observation during the test, the tremor affects to the motor capabilities of the hand, causing the finger "jumping" in the screen.
If the participant doesn't draw the whole square, like left square in Fig. 5 , the missing part is not accounted in the error rate. Hence, we shall reduce the score accordingly if there are missing parts in the drawing.
DISCUSSION AND FUTURE WORK
This study was a proof of concept for conducting drawing tasks with a smartphone for measuring PD symptoms. The drawing tasks will be a part of a larger set of tools for longitudinal PD symptom assessment; we already have tools for medication logging, measuring the motor symptoms (mainly tremor) with a ball-balancing game, and reporting the daily self-evaluated symptom level [4, 5] . With this combination of tools, we aim to assess the effectiveness of medication.
Similarly to previous studies [6? -9] we saw a difference between the participants with PD and with the age-matching healthy controls in the error rate and the drawing speed. In the trial we saw that the difference was more clear in the spiral drawing task. However, it needs to be investigated if the drawing tasks can be used to measuring daily variation of the symptoms and the effect of the medication, and which symptoms affect to the drawing performance. In future, we will have a study with volunteers whose symptoms are more rigorously identified, to see which of the symptoms the drawing tasks are able to capture. We will extract more parameters from the drawing data, such as the speed change within one drawing. We will combine the drawing data to the data collected by our existing tools [5] . The drawing results will be compared to the ballbalancing game performance metrics, and these combined with the medication logging we can estimate the medication effectiveness and lasting effect.
